This paper introduces the concept of a fail-safe sensor to monitor the structural health of a composite repair. The lowcost fiber Bragg grating (FBG) sensor system consists of a light source, two specially designed fiber Bragg gratings and a photodiode detector. This system is applied to a typical bonded composite scarf joint often employed in aerospace structures. A finite element model is developed to assess the change in strain distribution as the result of a structural debond. The proposed monitoring system will be validated through an experimental investigation.
INTRODUCTION
Structural Health Monitoring (SHM) provides the ability to detect and interpret changes in a structure in order to reduce life-cycle costs and improve reliability. Non-invasive damage detection systems are integrated into a structure to continuously monitor components for damage such as cracks or disbonds. SHM is gaining significant attention for the maintenance of aerospace vehicles, civil infrastructure, offshore facilities and maritime structures. One of the most important outcomes is the gain in operational safety.
In the last two decades different techniques have been developed to facilitate SHM. 1 The approach described in this paper is based on optical fiber technology. Fiber optic strain sensors have various advantages over conventional electrical strain gauges:
• Long term stability for operation in hostile environments.
• Lightweight, robust and easy to implement.
• Compatible with embedding in composite materials (smart structures).
• Long signal transmission lines, almost loss-free.
• Remote, electrically passive sensors.
• Potential for low-cost production.
• Adjustable measurement range and resolution.
• Strains of up to 10 000 µε.
• Large temperature range (from cryogenic to 500°C, depending on fiber coating).
• Multiplex and multitask performance (either temperature or strain measurements). The aim of this work is to build up a sensor system for aircraft structures which fulfills two major requirements: low cost and light weight. Both conditions preclude the use of a tunable laser source and an optical spectral analyzer.
*adethlefsen@swin.edu.au; phone +61 3 9214 4724; fax +61 3 9214 5160; www.swinburne.edu.au An earlier approach to satisfy these conditions was the development of a matched Bragg grating sensor system. 2, 3, 4 This system works as follows: the active FBG is positioned at the area of interest on the structure. A second grating (reference grating) with a matching Bragg wavelength is located in close proximity to the first, in a region of equal structural loading but low damage probability. Light from a source passes through an optical coupler to the passive reference grating. The back reflected light is guided into the active grating and the transmitted intensity is monitored. If there is a small strain difference between the active and reference gratings, the detector shows almost zero voltage. As soon as damage develops under the active grating, load shedding occurs and the strain difference between the active and reference gratings increases significantly. This results in a large rise in output intensity. However, the problem here is that in the normal case of a low output, it cannot be determined whether the missing signal is caused by actual damage or sensor failure, or indeed, the lack of structural loading.
To overcome this problem, the concept of a fail-safe sensor was developed by the authors as described below. The system is applied to a bonded carbon/epoxy scarf joint for debond detection. Such scarf joints are commonly used in aircraft structures, particularly for structural repairs. The integrity of the bondline is vital for the load carrying capacity and fatigue performance of the joint and even a small debond must be identified and treated in order to maintain safety. Fig. 1 shows a sketch of the interrogation arrangement for the sensor. A multimode gain guided laser diode with an antireflection coating on the emitting facet is used as the light source and is coupled to the active grating at the bonded patch. The active grating serves on the one hand as one of the laser resonator mirrors 5 and on the other hand as a strain sensing element. As a laser resonator mirror it extends the laser cavity length L to a distance on the order of meters. Because of the extended cavity length, the mode spacing ∆λ=(λ 0 ) 2 /2nL (with λ 0 the wavelength of light in free space and n the refractive index) in the cavity is negligible compared to the Bragg wavelength shift induced in the grating due to strain. A specially designed ramp grating is located between the active grating and the photodetector. An example of such a ramp grating is shown in Fig. 2 . This grating serves as an output filter, with the active grating prestrained to an appropriate position on the ramp. For explanatory purposes it can be assumed that the midpoint of the ramp is suitable for the patch of interest. The photodetector will then measure a certain amount of power if the patch is unstrained, due to the prestrain on the fibre. If the patch is strained, then the strain on the active grating is increased and the detected signal increases because the wavelength of the active grating shifts down the ramp of the filter grating (lower reflectivity). The ramp grating can be designed in such a way that a linear increase in the signal will be detected up to 4,000 µε, which is the maximum design limit strain for carbon/epoxy aircraft structures. For higher strains, the reflectivity of the ramp grating reaches a minimum that extends to the breaking strain of the fiber, which is approximately 5,000 µε for mechanically stripped fibers and up to 10,000 µε for chemically stripped fibers. If the grating experiences any load shedding, the prestrain will be relaxed and the photodetector output will be reduced. The "normally on" behavior of the proposed sensor renders it "fail-safe". As the active and the ramp gratings can be located relatively close to each other, temperature compensation may be omitted. Note that a range of 4,000 µε corresponds to a wavelength shift of ~5 nm for single mode fiber at 1550 nm. This is within the tuning range of available laser diodes. A
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FINITE ELEMENT MODELLING
A finite element model of a 5° narrow width scarf joint is shown in Fig. 3 and the inset of Fig. 4 . The model is constructed using 3-dimensional solid elements with orthotropic material properties. Each ply of the composite structure is modeled using 2 element layers. The longitudinal surface strain distributions along the length of the joint under a typical tensile loading condition is shown in Fig. 4 . It can be seen that the presence of a 2 mm debond at the tip of the scarf joint reduces the local strain significantly compared to the undamaged state. Therefore, it is proposed that the active grating be installed at this location to detect the load shedding as a result of the debond. The ramp grating may be installed in a far-field location where the thermal environment is similar but the strain experienced remains relatively unchanged.
Although a finite element model is used to determine the optimum sensor locations, it is not required for the purpose of damage identification. Instead, the sensor output is continually interrogated over time using the measurement at a known healthy state as the reference for comparison. This makes the technique usable for any structure, even complex constructions for which accurate finite element models are difficult to develop, as long as a significant change in strain distribution can be identified as a result of the damage. 
EXPERIMENTAL INVESTIGATION
The fail-safe sensor system will be validated by an experimental investigation based on a scarf joint constructed using Cycom 970/T300 carbon/epoxy prepreg tape with a quasi-isotropic lay-up of [45 0 -45 90] 2s . The scarf regions will be machined using a computer numerically controlled router and bonded with FM73 epoxy film adhesive. For the damaged specimen, a Teflon insert is placed in the bondline to simulate the 2 mm debond. The overall dimensions of the specimens are 250 mm x 25 mm x 3.2 mm. The specimen is designed to match the performance of carbon/epoxy aircraft structures, as described in Section 2. The ramp grating shown in Fig. 2 will therefore be refined to match these specific requirements. The fiber optic sensors will be surface-mounted on the scarf joint specimens at the selected locations.
The test specimens will be loaded in fatigue to simulate cyclic aircraft loading conditions with a maximum far-field strain of around 2,000 µε. The output of the fail-safe sensor system will be monitored using a photodetector and data acquisition unit. Differences in the signal intensity between the healthy and damaged specimens will be compared with the predictions of the finite element model.
CONCLUSION
This paper presents a novel fail-safe sensor concept for structural health monitoring. The system is based on a standard Bragg grating connected in series with a ramp grating. The active Bragg grating is installed over the damage-prone region and the ramp grating is mounted in a nearby location with a low probability of damage. Only a light source and a photodetector are required for interrogation, which significantly reduces the system complexity and cost compared to traditional spectroscopic techniques. The sensor output reduces in intensity as a result of either damage-induced load shedding under the active grating, or sensor breakage, thus providing a fail-safe system. Further work is required to tune the spectrum of the ramp grating to match the requirements of carbon/epoxy aircraft structures. Validation of the technique will be performed through an experimental investigation of debond detection in a bonded carbon/epoxy scarf joint. 
